Binuclear Fe(III) complexes, Fe 2 PO and Fe 2 PC, have functions of antioxidants as well as superoxide dismutase and peroxidase mimickers. The role of water molecules in the non-cytotoxic properties of these complexes have been studied by thermogravimetric and IR/Raman-spectroscopic methods. The thermogravimetric analysis of Fe 2 PO shows the presence of nine water molecules (Fe 2 PO$9H 2 O), three of which are directly coordinated to the metallic ion; the remaining six molecules occupy the secondary coordination sphere. For Fe 2 PC, eight water molecules were detected (Fe 2 PC$8H 2 O), and only one of them directly coordinates to the metallic ion. IR/Raman spectrum analyses corroborate the presence of water molecules in both metallic complexes and the mode of coordination to the ligand, on the basis of bands characteristic of hydration water at~3300 cm À1 and bands of adsorbed water between 430 and 490 cm
Introduction
Even though water molecules are small and composed of just two different atoms, they are involved in a wide variety of biological and chemical processes. Water molecules can act as recognizers and stabilizers of the interaction in a host-guest complex [1] . These properties can be exerted not only by directly coordinated water molecules but also by non-coordinated water molecules such as, hydration water or even by water from the reaction medium [2] .
This has remarkable implications on drug or additive design due to the dynamic nature of these systems [2] ; the identification and characterization of water molecules, involved in any potential drug, is a mandatory procedure [3] .
In medicine, some metallic complexes have been successfully employed as scavengers in therapies against free radical and reactive oxygen species [4, 5] . Iron complexes stand out in this regard due to their well-known bioinorganic chemistry involved in central life processes, assembling complexes, acting as redox cofactors for metalloproteins and managing a wide number of biochemical transformations. All these properties are possible due to coordination properties and the variable oxidation state of iron ions [6] .
Since interaction of water molecules with metal complex molecules is extremely important, the bioactive properties of Fe(III) complexes are elucidated, in relation to the possibility of the use as a drug or food additive.
Knowledge of the number of water molecules coordinated to a metal ion is extremely important in understanding the nature and reactivity of metal complexes in solution. For example, molecules employed as MRI contrast agents require one or more water molecules coordinated to the paramagnetic metal ion, and the number of such water molecules is of crucial importance in controlling the molar relaxivity of the agent [5] . For these reasons, it is desirable to have a reliable experimental method for determining if there are water molecules occupying the first coordination sphere of metal ion in metal complexes.
Metal complexes of macrocycles derived from ethylenediaminetetraacetate (EDTA) have been extensively studied by our group, especially in relation to their bioactive properties [3, 7] . Fe 2 PO and Fe 2 PC, which are binuclear Fe(III)complexes of EDTAderived macrocycles, have shown the capacity to mimic peroxidase and SOD activities. Detailed information about the structure of these complexes in solution is indispensable for the understanding of such catalytic properties. Since the base scaffold used to construct Fe 2 PO and Fe 2 PC is the Fe(III)-EDTA complex, they are expected to have similarities in some features and coordination properties. EDTA molecule provides specific coordination atoms to interact with Fe(III) ion, but this property can changed by the functionalization of the EDTA molecule with aromatic diamines which are required to form Fe 2 PO and Fe 2 PC metal complexes.
Materials and methods

Syntheses of binuclear Fe(III) complexes
All employed reagents and solvents were analytical grade. To obtain the binuclear Fe(III) complexes (Fe 2 PO and Fe 2 PC) we synthesized the host molecules PO and PC, which are (2,9, [3] . The formation and purity were confirmed by high-resolution electrospray-ionization (ESI) mass spectrometry and the melting/decomposition point, and electron paramagnetic resonance (EPR).
Thermogravimetric analyses
The TGA measurements of the iron complexes were carried out with a Perkin-Elmer, Pyris 1 TGA apparatus, at a heating rate of 10 C/min and an airflow rate of 20 mL/min in a temperature range of 25e600 C, under an O 2 atmosphere. Spectrum evaluations were performed using the Pyris version 11.1.1.0492 software package.
Spectroscopic measurements
The infrared spectra in the spectral range between 4000 and 250 cm À1 were recorded in KBr pellets with a Perkin-Elmer Spectrum GX FT-IR instrument. A total of 32 scans were performed. Raman spectra in the same range were observed using a HORIBA OLYMPUS micro-RAMAN X'PLORA BX41 microscope at room temperature. The laser employed was a class 3B with different energies (532, 638 and 785 nm) from 20 mW to 100 mW and a slit of 100 mm.
The X-ray photoelectron spectroscopy (XPS) were obtained on a Perkin-Elmer PHI5100 model (X-ray energy source of 0.025 eV). All the spectra were obtained at a pass energy of 22.36 eV to identify all the elements present in the analyzed samples.
Theoretical calculations
Models of the metal complexes Fe 2 PO and Fe 2 PC were generated based on 2D structures previously proposed by employing a molecular editor, including the water molecules in calculation of each metal complex. Its optimization was made at molecular mechanics level with a UFF force field [9] . The model construction and optimization through molecular mechanics were made using the Avogadro program [10] , and the semi-empirical calculation through the MOPAC 2016 program [11] . ). Both EDTA-derived complexes were provided with amino, amide and carboxymethyl pendant donor groups as well as two Fe(III) centers (Fig. 1 ).
Results and discussion
Syntheses of Fe(III) complexes
Thermogravimetric analysis
The thermal behaviors of the dark red Fe 2 PO complex and the dark yellow Fe 2 PC complex were studied by TGA to determine the decomposition steps correlated to the weightloss. The decomposition curves and assignments of the products are described in Figure S1 .
For Fe 2 PO ( Figure S1a ), the relative weight losses indicate that at 120 C six non-coordinated water molecules are removed from the solid complex, followed by the release of another three water molecules in the coordination sphere at 203 C. Also, in this step a CO 2 molecule is released, the sources of which are the pending carboxylate groups of the EDTA fraction in the macrocycle. Differences in temperature of water molecules released are due to the mode of coordination of the macrocycle. Even if the six water molecules released in the first decomposition step are not coordinated directly to any atom of the macrocycle, they interact with the metallic complex as responsible for the coloration features of this kind of complexes ( Figure S2 ).
The third mass loss at 250 C can be assigned to the release of three remaining pendant carboxilate groups from the macrocycle. The reason why a pendant carboxylate group is released in the previous step is explained by the formation and subsequent decomposition of carbonic acid (Fig. 2) . When temperature reaches 203 C, two water molecules bound to the ligand sphere of the iron centers are released from the complex, together with a carbonic acid molecule, which decompose further to H 2 O and CO 2 molecules. Changes from Fe(III) to Fe(II) have been reported for a Fe(III)-EDTA complex to be, due to the ejection of carboxylate arms which strongly coordinate to the iron centers [12] , as observed for Fe 2 PO and Fe 2 PC complexes. Finally, at the fourth step at 316 C, the aromatic fractions (C 6 H 5 eOeC 6 H 5 ) are ejected in continuing process over this temperature, until the total oxidative burning of organic residues of Fe 2 PO.
A similar decomposition pattern was observed for Fe 2 PC ( Figure S1b ), but the main difference was the number of water molecules included in the coordination sphere of the metal complex. The weight loss of Fe 2 PC at this step (202 C) shows the release of a water molecule plus a carbon dioxide molecule. As proposed for Fe 2 PO, the water molecule bound to a pendant carboxylate group yields a carbonic acid molecule in the dehydration process (Fig. 2) . After the water molecule is released, the decomposition pattern is similar to that of Fe 2 PO, but the third and fourth decomposition steps appear at a higher temperatures, 287 C and 382 C, respectively, in agreement with that reported by Szilagyi et al. [12] . for a TGA analysis of a monomeric Fe(III)-EDTA complex under similar conditions. EDTA-Fe(III) complex represent a model of the coordination sites in Fe 2 PO and Fe 2 PC complexes. 
Spectroscopic measurements
The XPS analysis confirms the presence of some relevant atoms in the coordination sphere, as well as the oxidation state of metal centers for both complexes. Fig. 3 shows the spectra of Fe 2 PO and Fe 2 PC, which exhibit the presence of C 1s at 285.8 eV, N 1s at 400 eV, O 1s at 531.1 eV and the peaks characteristic of iron between 710.0 and 730.0 eV, with a double structure Fe 2p 3/2 and Fe 2p 1/2 . The signals of C, O and Fe are more intense than the N peak in both metal complexes.
The deconvolution of the C 1s spectra of Fe 2 PO and Fe 2 PC are depicted in Fig. 4 : both show a similar signals pattern. The largest contribution is attributed to a CeC/CeH bond located at approximately 284.0 eV. The band observed At 286.0 eV is assignable to a carbon single-bonded to oxygen. For Fe 2 PO this binding energy also corresponds to a carbon single-bonded to nitrogen, but the intensity of the N signals is weak or completely diminished as observed for Fe 2 PC (see N 1s peaks in Fig. 3 ). Finally, a band at approximately 288.0 eV corresponds to a double carbon-oxygen bond in pending carboxylate groups of the EDTA portions in the microcycle. Similar spectra have been reported for other Fe(III) complexes and oxides [13, 14] .
The O 1s spectra of Fe 2 PO and Fe 2 PC are presented in Fig. 5 . As observed for C 1s core level, the metal complexes show similar spectral patterns. Besides the main signal, through a deconvolution process, a shoulder observed at approximately 529.0 eV is attributed to O 2À atoms bonded to iron centers.
For this core level, some studies have reported the presence of two peaks at approximately 531.0 eV and 532.0 eV, related to OH À and adsorbed water, respectively [13, 15] . Although the decompsolution of the main peak at approximately 532.0 eV was not successful for Fe 2 PO or Fe 2 PC (Fig. 5) , the width and the binding energy suggest that this peak is superposition of the peaks characteristics of OH À and coordinated water as pointed out previously [13, 15] . The iron spectra of Fe 2 PO and Fe 2 PC are shown in Fig. 6 . A doublet structure due to the spin-orbit splitting (Fe 2p 3/2 and Fe Oxygens from an amide group are represented as -O(CN); oxygens from a carboxylic group are represented as eO(CO). References: a [21] . b [20] . 2p 1/2 ) is observed for both complexes, with bindg energies of 710.8 and 724.6 eV for Fe 2 PO, and 711.3 and 724.9 eV for Fe 2 PC. These values correspond to an oxidation state Fe(III) [14, 16] , and are consistent with the electron paramagnetic resonance analysis reported by our group [3] . The infrared and Raman spectra of the Fe 2 PO and Fe 2 PC complexes show a significant number of bands in the spectral range analyzed. Despite the complexity of the assignment, the characteristic vibrational modes of water molecules included in the coordination sphere of the complexes can be identified. The spectra of the metal complexes are shown in Figure S3 . The structural resemblance between Fe 2 PO and Fe 2 PC is reflected in the spectral pattern observed, and the proposed assignments of the major bands are presented in Table 1 .
Broad and strong IR bands are observed for Fe 2 PO and Fe 2 PC complexes the higher frequency region, as a result of the overlapping of the y as (OH) and y s (OH) vibrational modes. The wideness of these bands results as a consequence of the presence of the water molecules in the crystal lattice of the metal complexes, as previously identified by the TGA analysis. The bending vibrations of these water molecules are also detected in IR spectra as strong bands at 1601 and 1602 cm In addition, the skeletal vibrations related to carbonyl and carboxylate groups (from 1800 to 1500 cm À1 ) appear as strong and sharp IR and Raman bands, since EDTA portion in Fe 2 PO and Fe 2 PC complexes contains such functional groups, involved in the coordination to Fe(III) ions, at the moment the metal complexes are composed. EDTA also displays weak bands in Raman spectrum around 300-600 cm
À1
, but these bands turn fairly intense when EDTA participates in a complex conformation [17] . Based on the above results and considering that iron centers coordinate mainly to the EDTA fraction of the host molecules, metal coordination is corroborated by the presence of IR bands at 422 cm À1 and 430 cm
, for Fe 2 PO and Fe 2 PC, respectively, which are assigned to OeFeeO, OeFeeN, FeeO bending modes, and the strong Raman bands observed at 491 cm À1 and 485 cm À1 . Some Raman vibration modes found between 300 and 600 cm À1 have been reported as a diagnostic region to stablish the coordination geometry described by Fe(III)-EDTA complexes [17, 18] . Based on those reports and the spectra shown in Figure S4 , we have proposed the coordination geometry for Fe 2 PO and Fe 2 PC metal complexes. The main difference is that Fe 2 PC exhibits a single band at~470 cm
, indicating an hexacoordinated geometry, while Fe 2 PO exhibits two peaks, as a result of a pentacoordinate geometry. Since Fe 2 PO carries three water molecules incorporated to its coordination sphere and a couple of those molecules are axially coordinated by the Fe(III) centers (Fig. 2) , the uncoordinated carbonyl from amide groups produces the band splitting observed in Figure S4 . In addition, this effect can be enhance by the lack of symmetry in Fe 2 PO complex as result of its large flexibility in comparison with Fe 2 PC.
The carbonyl groups of Fe 2 PC, which are mostly coordinated to the Fe(III) ions, exhibit IR and Raman bands at 758 cm À1 and 789 cm
, respectively, but these bands are not observable for Fe 2 PO in the same region (Table 1) .
Theoretical calculations
In order to complement the experimental findings about coordination geometry and water molecules coordinated to Fe 2 PO and Fe 2 PC, ground state optimized structures of both metal complexes were calculated at a semi-empirical level, by employing the PM7 method [19] (Fig. 7) [20, 21] . In Table 2 the theoretical geometries of Fe 2 PO and Fe 2 PC complexes are compared with a couple of crystal Fe(III)-EDTA complexes previously reported (Fig. 8) . Differences due to the aliphatic nature of Fe(III)-EDTA complexes in comparison with the macrocyclic nature of Fe 2 PO and Fe 2 PC are expected and observed.
The bond lengths between Fe(III) ions coordinated to nitrogens from amide groups and oxygens from carboxylic pendant groups in Fe 2 PO and Fe 2 PC complexes are in the same order of magnitude in comparison to the aliphatic homologs. Similar results have been observed for lengths between water molecules bonded to iron centers.
Conclusion
The thermal degradation of Fe 2 PO and Fe 2 PC allowed us identify and characterize the presence of water molecules in each metallic complex. Through a systematic analysis of the XPS spectra, we have determined that the iron centers of Fe 2 PO and Fe 2 PC exhibit peaks associated with the oxidation state of Fe(III), as well as the main peak correlated to hydration and coordinated water molecules. (Mizuta, 1990) [21] ; below: Fe(III)-EDTA complex (Kennard, 1967) [20] . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Pentacoordinate and hexacoordinate geometries are proposed for Fe 2 PO and Fe 2 PC respectively.
Since the antioxidant and bioactive properties of non-toxic Fe 2 PO and Fe 2 PC are tightly related to the presence of iron ions [3, 22] , the water molecules coordinated to the metal centers may be modifying the redox environment of the metallic complex promoting this way, a specific mechanism by which Fe 2 PO and Fe 2 PC act as antioxidant or enzyme mimicker.
These results will guide future investigations to clarify whether coordinated water molecules at Fe 2 PO and Fe 2 PC remain bonded to the metallic complexes or not after they act as an antioxidant or enzyme mimicker and, to examine if they have any structural significance; both important aspects of drug design.
